Summary. Genetically diabetic Chinese hamsters were examined anatomically and physiologically for evidence of peripheral neuropathy. Control animals were from non-diabetic strains. Conduction velocities in both motor and sensory components of the hind limb nerves were reduced 16-22% in diabetic compared with control hamsters. However, there was no reduction in nerve fibre diameters or other signs of abnormal morphology that could be correlated with these physiological effects. It is concluded that the diabetic hamster is useful as a model of human diabetic peripheral neuropathy, but the analogy is not precise. The neuropathy of moderately diabetic hamsters is generally less severe than human diabetic neuropathy in its clinical stages.
The genetically diabetic Chinese hamster is of considerable interest as a model of diabetes in man. There are many apparent similarities, but details of the disease process in hamsters are still incomplete. The present study was undertaken to examine the nature of neuropathy in diabetic Chinese hamsters, and to compare the findings with diabetic neuropathy in man.
The only controlled colony of Chinese hamsters in the United States is maintained at the Upjohn Company Laboratories, where continuous brother-sister breeding for the past 17 years has resulted in four sublines of over 20 generations in which > 90% of the animals now develop glycosuria and one subline of over 30 generations in which 100% of the animals have glycosuria. Some of the hamsters have mild diabetes, whereas others are more severely affected, with ketonuria and elevated levels of plasma ketones and non-esterified fatty acids [11] . Pancreatic insulin is reduced to a level that generally correlates with the severity of the diabetes [11] and insulin secretion is reduced [21] . Retinal [27] , renal [3, 27] and small blood vessel abnormalities [19, 20] have been reported. Autonomic neuropathy is suggested by the finding of an atonic bladder in some animals with demyelination and axonal degeneration in pelvic visceral nerves [4] . The occurrence of a delayed peristaltic activity in the gut [6] is probably related to the decreased number of Auerbach's plexuses [2, 5] and acute degeneration in distal unmyelinated axons of the myenteric plexus [6] .
The initial study of hamster peripheral nerves reported mild segmental demyelination, remyelination, and axonal degeneration in distal portions of the sciatic nerve occurring in long-term severely ketotic animals [24] . This finding encouraged us to develop a method for measuring nerve conduction in these small animals, to allow comparison with conduction values in other experimental animal models. The present report concerns motor and sensory nerve conduction, studies of the sciatic tibial nerve and morphological examination of the most distal motor and sensory nerve fibres in the hind paw of control and diabetic Chinese hamsters.
Materials and Methods
Adult male and female, sex-and age-matched control and diabetic hamsters were obtained from the Upjohn colony. The study included 29 diabetic and 21 control animals, aged 10-29 months (fasting blood glucose levels > 8.3 and < 6.6 mmol/l, respectively). Diabetic animals had been glycosuric for 10-28 months; 80% developed glycosuria (according to 'TesTape,' Eli Lilly, Indianapolis, Indiana, USA) within 2 months of birth. Twelve of the 29 diabetic animals had also been ketonuric (according to 'Ketostix,' Ames, Elkhart, Indiana, USA) for 1-9 months. Thirteen control animals came from the genetic strain AV, and eight from strain M. Of the diabetic hamsters, 14 were from strain AC, seven from L, four from ZM, two from XA, one from X, and one from the OT strain.
Hamsters were housed individually in plastic-bottom cages with saw-dust bedding (to prevent toot injuries) and fed laboratory mouse chow containing 11% fat [13] and water ad libitum. Nerve conduction methods were developed using mice of the same size and weight as the Chinese hamsters.
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The animals were anaesthetized in a closed container with methoxyflurane ('Penthrane,' Abbott Laboratories, North Chicago, IL, USA) until sufficiently subdued for SC injection with 3 mg/kg (usually 0.09 mg/animal) of pentobarbita! ('Nembutal,' Abbott Laboratories, North Chicago, IL, USA). One additional injection (0.09 mg), plus occasional inhalation of methoxyflurane, maintained a light anaesthesia for 3 h.
Measurements of Nerve Conduction
The animal was secured in the prone position with the hind legs outstretched, in a copper mold that conformed with the contour of the ventral aspect of the lower body and hind limbs. The mold assured even distribution of heat from a heating plate below; a heat-conducting epoxy resin and paste facilitated close contact with the plate. Five heating elements under the plate were controlled electronically through a temperature-sensitive feed-back system. The animal's temperature (36.5 _+ 0.25 ~ C) was fed to the control circuit via a calibrated needle thermister placed in the distal portion of the gastrocnemius muscle of the limb under study. The ambient air was warmed by a heat lamp.
The sciatic nerve was exposed just distal to the sciatic notch. Two 25 lxm diameter Teflon coated platinum wires, bared at the tip, were wrapped around the nerve i mm apart, avoiding injury to the nerve or blood vessels. The wires were available for stimulation or recording, as necessary. The incision was closed during the experiment to conserve body heat. Stimulation at the ankle was through two stainless steel sharpened needles (70 ~tm diameter) placed adjacent to the tibial nerve. The muscle response to motor stimulation was recorded by a similar needle electrode placed in the mid-portion of the lateral plantar muscles of the paw, so that the initial deflection of the muscle action potential was sharply negative and its amplitude was at least 8 inV. The indifferent electrode was placed SC in the distal phalanx of the fourth digit. The stimulus was a low voltage square wave pulse of 0.05 ms duration and amplitude approximately 5% above that required to obtain a maximal muscle action potential. Several dozen trials were measured to assure a consistent result at a constant temperature. Each trial was made immediately after the heater current shut off; i.e. when the temperature was at the highest point of the control range. Latency was measured as the time from triggering the stimulus to the first negative deflection of the compound action potential.
Conduction velocity was also assessed in the mixed nerve by stimulating the tibial nerve through the needles at the ankle while recording the nerve action potential by one of the wires around the proximal sciatic nerve; the indifferent electrode was placed SC near the base of the tail. Stimuli were applied (10/s) and the average response of 256 potentials was obtained using a Dagan averager (1028 collecting points/10 ms trace). The latency measurement was taken to the start of the first negative deflection, as this afforded the greatest reproducibility.
Sensory nerve conduction velocity was obtained by stimulation of digital sensory nerves while recording the nerve action potential with the wire at the sciatic notch. The cathode was a 25 lxm wire wrapped around the base of the digit; the anode was a needle in the tip of the same digit. These potentials were small and polyphasic. Accurate determination of latency required averaging of several trials of 256 stimulations.
At the end of each study anaesthesia was deepened and the original incision reopened and extended down the entire leg to the ankle to uncover the sciatic nerve in situ. A thread was placed directly on the nerve, cut to the exact length of nerve between stimulating sites at the ankle and sciatic notch, then measured. The conduction velocities were then calculated in the usual manner from the latency values and length of nerve between electrodes. Slight variations in either temperature regulation or the measurement of conduction distance could cause significant variation in the conduction values.
Morphology
Immediately after the nerve was exposed, it was flooded with 5% gluteraldehyde in 0.1 mol/l sodium cacodylate buffer (3 mmol/1 Mg + +).
The fixative was also injected SC into the hind paw and beneath the deep flexor tendon, incising the skin in several places to hasten penetration of fixative. In some hamsters the entire hind limb was removed, in others the complete sciatic nerve was removed in continuity with the severed hind paw and fixation continued. The branch of the lateral plantar nerve innervating the skin of digits III and IV was removed with the third lumbrical muscle en bloc, beginning above the branch to the lumbrical muscle, to below the lateral and medial branching to each of the above digits. The dissected specimen was treated with 2% OsO4 in caeodylate buffer, dehydrated in ethanol and embedded in Epon.
Cross-sections of the nerve and its branches were cut at a level just distal to the point where the lumbrical nerve branches from the sensory fascicles destined for the third and fourth digit. At about the same level, another branch comes off the trunk to innervate an interosseus muscle. The myelinated fibres in the nerve trunk distal to the lumbrical and interosseus branches may be regarded as purely sensory, serving chiefly the skin and joints of the third and fourth digits. The level of sectioning, then, allowed separate morphometric analyses of the lumbrical nerve and the sensory trunk; the interosseus branch was not studied.
Sections (1 Ixm thickness) were mounted, using Epon as a mounting medium, and micrographs were made with a phase-contrast optical system (final magnification x 700). Nerve fibre diameters were measured using a computer-assisted electronic digitizer. The diameter was taken as the distance between two points on opposite sides of the fibre. When a fibre cross-section was elongate, the shorter axis of the profile was taken as the true diameter. Whenever a nerve was digitized, every identifiable myelinated fibre in it was measured, but no attempt was made to quantify fibre area or perimeters. A total of 12 control and 22 diabetic animals were measured in this way.
From six control and six diabetic hamsters, > 100 random electron micrographs ( x 8500 magnification) of the sensory nerve were taken to obtain data on myelin sheath thickness (m) as a function of nerve fibre diameter (axon plus myelin, D).
From six control and six diabetic hamsters, segments (1 cm) of the sural nerve from the foot were prepared for single-fibre teasing according to the method of Dyck [7] .
Results
In diabetic animals, the motor conduction velocity as well as the proximal and distal motor latencies were slower than those of control animals by approximately 16% ( Table 1) . The conduction velocity of the mixed (sensory and motor) tibial-sciatic nerve was 22% slower in the diabetic than in control hamsters ( Table 2) . Measurement of conduction in sensory nerve fibres alone was accomplished by stimulation in the digit where only sensory fibres are found. The recording site was at the sciatic notch as in the mixed nerve studies. Again, the diabetic hamsters showed greater conduction latencies (Table 2 ). In this case, accurate conduction velocity could not be calculated because of the difficulties in measuring the length of the nerve during its course through the foot. The conduction differences are statistically significant in all three types of measurement.
The three methods used to measure conduction velocity are each biased toward different populations of nerve fibres and entail different types of systematic errors; nevertheless, the results are remarkably consistent, giving credence to the general result that conduction velocity in peripheral nerves of diabetic hamsters is reduced by 16-22%. In the animals aged 10-29 months, there was no significant correlation between conduction velocity and age, in either the diabetic or control groups, nor was there any correlation between conduction velocity and duration of glycosuria or ketonuria in the diabetic group. Taking data from both groups, it appears there may be an inverse relationship between motor conduction velocity and blood glucose levels below 11 mmol/1, but conduction velocity is constant at higher levels (Fig.l) . Sensory conduction velocity shows a similar, but less distinct, relationship with blood glucose levels.
Morphometric data are summarized in Table 3 . There were no significant differences between the diabetic and control groups, with regard to the mean diameter or numbers of myelinated fibres in the sensory or lumbrical nerves, or the relative myelin thickness of fibres in the sensory nerve.
The range of nerve fibre diameters for diabetic and control hamsters are nearly identical (Fig. 2) . There was no significant change of fibre diameter with age (10-29 months), in either group.
In Figure 3 , the myelin thickness/fibre diameter ratios plotted as functions of fibre diameter show considerable overlap for diabetic and control animals. The form of the curve for each plot in Figure 3 is similar to curves illustrated by Gasser and Grundfest [10] and Taylor [28] for saphenous nerves of cats and rabbits. In light microscopy, neither the diabetic nor the control hamsters showed any definite pathological features. In the electron microscope, some signs of pathology were observed, but both the control and diabetic animals were similarly affected. Abnormal features included folding of the axolemma, vacuolation of axoplasm and Schwann cell cytoplasm, and inclusion of osmiophilic bodies in the axoplasm and Schwann cell cytoplasm (Figs.4 and 5) . In general, a majority of the myelinated fibres and a minority of the unmyelinated fibres were affected. 
Discussion
This study shows that nerve conduction velocity of diabetic Chinese hamsters is approximately 16-22% below that of control animals. This difference was highly significant when determined separately for motor nerve fibres, sensory nerve fibres and the mixed nerve. Latency measurements of compound action potentials are dominated by contributions of the largest fibres in the nerve; therefore, we have disregarded small myelinated or unmyelinated nerve fibres. The degree of conduction slowing in hamster motor fibres is similar to that found by others in diabetic rats [8, 22, 25] . Eliasson [8] has shown that sensory nerve fibres were involved to the same extent as motor fibres in the rat; our hamster data also show that sensory and motor deficits are roughly equivalent.
The standard deviations for nerve conduction velocity in this study are smaller than those achieved by others in the mouse, a similarly sized animal [18, 23] . The results in hamsters illustrate that meticulous attention to the details of nerve stimulation, measurement of the segment of the nerve studied and good temperature regulation can result in successful studies in smaller animals.
We are concerned that the nerve conduction velocity in control hamsters was slower than values measured in mice of similar weight by ourselves (unpublished data) and others [18, 23] . It is possible that the population of hamsters studied may have a genetic or endemic abnormality of the nervous system that results in slowed conduction velocity. We feel compelled to mention this point because we have found minor ultrastructural ab- normalities in the nerve fibres of all our hamsters (Figs.4 and 5 ). Although these abnormalities are not amenable to quantitation, diabetic and control animals appear to be affected equally.
The morphometric study failed to reveal any difference between diabetic and control animals in the numbet and diameter of myelinated fibres and the thickness of their myelin sheaths (Table 3 ). The histograms of nerve fibres diameter (Fig. 2) confirm this impression. Thus the reduced conduction velocity in the diabetic animals cannot be accounted for by morphological alterations in the peripheral nerves, specifically in the (Fig. 2). -.... diabetic hamsters; --control data. Both curves arise from the baseline at about the same point, such that conventionally measured nerve conduction latencies would be almost identical for diabetic and control animals most distal parts of nerves of the hind limbs. Calculated compound nerve action potentials [10] derived from the histograms of fibre diameters (Fig. 2) were little different for control and diabetic hamsters (Fig. 6) , which indicates that the slight difference in nerve fibre diameter between the two groups would not result in the measured 16-20% difference of conduction velocity. Our findings of little or no morphological change in diabetic hamsters would appear to contradict the report by Schlaepfer et al. [24] of focal demyelination, remyelination with shortened internodes and some axonal loss in the distal segments of nerves. However, their animals were much more severely diabetic than ours (Schlaepfer, W.W. personal communication), which precludes any direct comparison of results. Mutant diabetic mice also have reduced nerve conduction velocities without morphological changes early in the course of the disease [23] . For alloxan-or streptozotocin-treated rats, there are conflicting reports about whether morphological changes are present in peripheral nerves early in the disease [14-17, 26, 29] , but under some conditions, the conduction velocity is reduced before morphological changes are evident [25] . In human diabetes, reduced conduction velocity without accompanying morphological nerve changes has not been documented. On the contrary, clinical diabetes in man appears to be strongly linked with peripheral nerve pathology [1] . However, the possibility remains open that the effects of preclinical diabetes in man may be similar to the early stages of diabetes in animal models (including the Chinese hamster model), but there is simply no neurological data on preclinical human diabetes available.
We are therefore left with the conclusion that diabetic neuropathy in the Chinese hamster is not a precise model of clinical human diabetic neuropathy, in that morphological changes were not evident in our hamstets as they are in man. Nevertheless, the hamster model may be useful in that there is a reduction in conduction velocity similar to that observed early in the course of human diabetes. Further evaluation of the hamster model might well concentrate on whether hamster diabetic neuropathy responds to treatment (e. g. with insulin) as does human diabetic neuropathy [9, 12] .
